N-Glycosylation of proteins is conserved in eukaryotes, which is one of the most abundant post-translational modification reactions, and nearly half of all known proteins in eukaryotes are glycosylated. In fact, changes in oligosaccharide structure (glycan) are associated with many physiological and pathological events, including cell adhesion, migration, cell growth, cell differentiation and tumor invasion. Glycosylation reactions are catalyzed by the action of glycosyltransferases, which add sugar chains to various glycans on glycoproteins, glycolipids and proteoglycans. Here, we focus mainly on the modification of N-glycans with N-acetylglucosaminyltransferase III (GnT-III), N-acetylglucosaminyltransferase V (GnT-V) and a a2,6 sialyltransferase (ST6GalI) to address the important roles of N-glycans in integrin-meditaed cell adhesion and migration. In addition, we also discuss the potential roles of N-glycosylation sites on integrin a a5 subunit.
INTRODUCTION
Integrins consist of a and b subunits. Each subunit has a large extracellular region, a single transmembrane domain and a short cytoplasmic tail (except for b4 integrin). The Nterminal domains of the a and b subunits associate to form the integrin headpiece, which contains extracellular matrix (ECM) binding site, whereas the C-terminal segments transverse the plasma membrane and mediate interactions with the cytoskeleton and with signaling molecules (Fig. 1A) . Based on extensive searches of the human and mouse genomic sequences, 18a-and 8b-subunits are known to assemble into 24 integrins. 1, 2) Among these integrins, 12 members containing b1 subunit have been found (Fig. 1B) . Integrin a5b1 is fibronectin (FN) receptor. The interaction between a5b1 and FN is essential for cell migration, development as well as cell viability, since the genetic lack of integrin a5 or FN results in early embryonic lethality. 3, 4) The most general feature of integrin is that the interaction of integrin with its ligand can activate intracellular signaling pathways and cytoskeletal formation (outside-in signaling). Another important feature of integrin is inside-out signaling, in which intracellular signals received by integrin or other receptors, in turn, activate its extracellular domain and contribute to the assembly of the ECM. 5, 6) It is also well known that functions of integrins related to cell spreading and migration can be regulated by specific peptides such as Arg-Gly-Asp containing peptides or specific antibodies that can efficiently block or activate such integrin-ligand interactions. [7] [8] [9] In this review, we discuss the importance of N-glycosylation on a5b1 integrin for its biological functions.
N-GLYCOSYLATION OF a5b1 IS ESSENTIAL FOR ITS BIOLOGICAL FUNCTIONS
An increasing body of evidence suggests that cell surface carbohydrates contribute to a variety of interactions between the cell and its extracellular environment, as well as a wide variety of biological functions, such as, cell-cell communication, signal transduction, protein folding or stability. [10] [11] [12] Glycosylation can act as a key regulatory switch for protein activity. This was clearly demonstrated by the discovery that the activity of the Notch receptor is directly modulated by Oglycosylation by the Fringe glycosyltransferase, ensuring correct development in Drosophila. 13, 14) Integrin is a major carrier of N-glycans. Among the integrin superfamily, a5b1 is one of the best characterized integrins. It has been reported that the presence of N-glycans on integrin a5b1 is required for ab heterodimer formation and proper integrin-matrix interactions. 15, 16) Indeed, the integrin cannot bind to its substrate or be normally transported to the cell surface in the presence of the N-glycosylation inhibitor tunicamycin. 17) Moreover, treatment of the purified integrin with N-glycosidase F resulted in blocking the inherent association of both subunits and the interaction between integrin and FN, suggesting that N-glycosylation is essential for the integrin to be functional. 18) In fact, an alteration of expression of N-glycans in a5b1 integrin could contribute to the adhesive properties of tumor cells and tumor formation. When NIH3T3 cells were transformed with the oncogenic Ras gene, the cell spreading on FN was greatly enhanced due to an increase of b1, 6 N-acetylglucosamine (GlcNAc) branched tri-and tetra-antennary oligosaccharides in a5b1 integrins. 19) Similarly, characterization of carbohydrate moieties of integrin a3b1 from non-metastatic and metastatic human melanoma cell lines showed that b1, 6 GlcNAc branched structures were highly expressed in metastatic cells compared with non-metastatic cells. 20) These cancer-associated glycan chains may modulate tumor cell adhesion by affecting the ligand binding properties of these integrins. Alterations of N-glycans on integrins could also regulate their cisinteractions with membrane-associated proteins including the epidermal growth factor receptor, 21, 22) and the tetraspanin family of proteins in glycosynapse. 23, 24) 3. INTEGRIN a5b1 FUNCTIONS MODULATED BY SUGAR REMODELING
The structures of oligosaccharides of integrin a5b1 from human placenta have been characterized by means of different properties of high performance liquid chromatography (HPLC) columns. 25) About 35 different oligosaccharide structures have been identified. Most of the oligosaccharides were complex types with a wide heterogeneity including bi-, tri-, and tetra-antennary sugar chains, while high mannosetype structures were minor components. These results suggest that the N-glycosylation of native integrins is fully processed through the Golgi apparatus.
Integrin-mediated biological functions such as cell spreading and cell migration can be modulated as a consequence of an aberrant change in the N-glycosylation of integrins, which is often associated with a carcinogenic process. 15, 16, [26] [27] [28] Several research groups, including our group, reported that alternations in the oligosaccharide portion of integrin a5b1, that are modulated by the expression of each glycosyltransferase gene such as N-acetylglucosaminyltransferase III (GnT-III), N-acetylglucosaminyltransferase V (GnT-V), and a2, 6 sialyltransferase (ST6GalI) (Fig. 2) , regulate cell malignant phenotypes such as a5b1-mediated cell migration and cell spreading. [29] [30] [31] 1) Effects of GnT-V and GnT-III on the Integrin-Mediated Cell Adhesion Oligosaccharide heterogeneity pres- 
Fig. 2. Glycosylation Reactions Catalyzed by the Action of Glycosyltransferase GnT-III, GnT-V and ST6GalI
The remodeled N-glycans regulate cell adhesion and migration. Enhanced expression of GnT-V in epithelial cells results in an increase in integrin-mediated cell migration. In contrast, overexpression of GnT-III down-regulates integrin-mediated cell migration. ST6GalI differently regulates integrin-mediated cell adhesion in various cell types.
ents a challenge not only in deciphering a structure of interest, but also in identifying the multiple enzymes that are involved in its biosynthesis. GnT-III transfers GlcNAc from uridine 5Ј-diphosphate (UDP)-GlcNAc to a b1, 4 mannose in N-glycans to form a "bisecting" GlcNAc linkage, as shown in the Fig. 2 . Bisecting GlcNAc linkage is found in various hybrid and complex N-glycans. GnT-III is generally regarded as a key glycosyltransferase in N-glycan biosynthetic pathways. Introduction of a bisecting GlcNAc suppresses further processing and elongation of N-glycans catalyzed by GnT-V, which catalyzes the formation of b1, 6 GlcNAc branching structures, since GnT-V cannot utilize the bisected oligosaccharide as a substrate. [32] [33] [34] The expression of GnT-V or b1, 6 branched N-glycans is strongly associated with cancer metastasis. It has been reported that GnT-V activity and b1, 6 branched N-glycan levels are increased in highly metastatic tumor cell lines. 19, 20) In fact, cancer metastasis was suppressed in GnT-V knockout mice. 35) To explore the possible mechanisms involved in increased b1, 6 branched N-glycans on cancer cells, Guo et al. found that cell migration toward FN and invasion through the matrigel were both substantially stimulated in cells in which the expression of GnT-V was induced. 29) Increased branched sugar chains inhibited the clustering of integrin a5b1 and the organization of F-actin into extended microfilaments in cells plated on FN-coated plates, which supports the hypothesis that the degree of adhesion of cells to their ECM substrate is a critical factor in regulating the rate of cell migration, i.e., migration is maximal under conditions of intermediate levels of cell adhesion. 36) Conversely, GnT-V null mouse embryonic fibroblasts (MEF) displayed enhanced cell adhesion to FNcoated plates with the concomitant inhibition of cell migration. The restoration of GnT-V in the null MEF reversed these abnormal characteristics, indicating the direct involvement of N-glycosylation events in these phenotypic changes.
In contrast to GnT-V, the overexpression of GnT-III resulted in an inhibition of a5b1 integrin-mediated cell spreading and migration, and the phosphorylation of the focal adhesion kinase.
30) The affinity of the binding of integrin a5b1 to FN was significantly reduced as a result of the introduction of a bisecting GlcNAc to the a5 subunit. In addition, overexpression of GnT-III in highly metastatic melanoma cells reduced b1, 6 branching GlcNAc and increased bisected N-glycans expressed on cell surface. 37) Since GnT-III and GnT-V act on the same substrate (Fig. 2) , therefore, GnT-III has been proposed as an antagonistic of GnT-V, thereby contributing to the suppression of cancer metastasis. When the highly metastatic melanoma B16 cells transfected with GnT-III were then injected into syngeneic mice via the tail vein, lung metastasis was minimal whereas many lung metastatic foci were observed in mock transfected melanoma cells.
37) The mechanism had been partly explained that overexpression of GnT-III slowed E-cadherin turnover, resulting in increased E-cadherin expression on the surface of B16 melanoma cells.
38) E-cadherin engagement at cell-cell contacts is known to suppress cell migration, and that effect has been best described in the context of tumorigenesis. Conversely, the disruption of E-cadherin-mediated cell adhesion appears to be a central event in the transition from non-invasive to invasive carcinomas. 39) On the other hand, the opposing effects of GnT-III and GnT-V have been observed for the same target protein, integrin a3b1. 40) GnT-V stimulated a3b1 integrin-mediated cell migration, while overexpression of GnT-III inhibited GnT-V-induced cell migration. The modification of the a3 subunit by GnT-III supersedes modification by GnT-V. As a result, GnT-III inhibits GnT-V-induced cell migration. These results strongly suggest that remodeling of glycosyltransferase-modified N-glycan structures either positively or negatively modulates cell adhesion and migration. Taken together, the overexpression of GnT-III inhibits cancer metastasis by at least two mechanisms: an enhancement in cell-cell adhesion and a downregulation of cell-ECM adhesion.
It is also worth noting that N-glycosylation can be regulated by cell-cell adhesion. We recently found that E-cadherin-mediated cell-cell interaction up-regulated GnT-III expression. 41, 42) A significant up-regulation of GnT-III expression was observed only in epithelial cells that express basal levels of E-cadherin and GnT-III, but not in the following: the MDA-MB231 cell, an E-cadherin-deficient cell line; the MDCK cell, in which GnT-III expression is undetectable; and, fibroblasts, which lack E-cadherin. 42) The expression levels of GnT-III and its products, the bisected N-glycans, were up-regulated by cell-cell interaction via the E-cadherincatenin-actin complex. Since disruption of actin polymerization by treatment with cytochalasin D or lack of a-catenin expression, interfered with regulation of GnT-III. Interestingly, reintroduction of a-catenin into a-catenin-deficient cells rescued GnT-III expression enhanced under dense culture conditions.
41) The regulation of GnT-III and E-cadherin expression may exist as a positive feedback loop. Given the important biological functions of GnT-III as described above, these results provide new insight into the molecular mechanism of relationships among cell-cell interaction, normal development, EMT (Epithelial-Mesenchymal Transition) and cancer metastasis.
2) Effects of ST6GalI on the Integrin-Mediated Biological Functions ST6GalI transfers sialic acid from CMPSia to galactose residues, and produces the Siaa2,6Gal linkage (Fig. 2) . The linkage is found in most N-linked oligosaccharide of glycoproteins as the Siaa2,6Galb1,4GlcNAc-R sequence. In fact, 15% of N-glycans contain Siaa2,6Gal motif in integrin a5b1 purified from human placenta.
25) The effects of sialylation seem to be complex and dependent on cell types. Colon adenocarcinomas are known to express elevated levels of a2, 6 sialylation and increased activity of ST6GalI. Elevated ST6GalI positively correlated with metastasis and poor survival, and therefore ST6GalI-mediated hypersialylation likely plays a role in colorectal tumor invasion. 43, 44) In fact, oncogenic ras can up-regulate ST6GalI and, in turn, increase sialylation of b1 integrin adhesion receptors in colon epithelial cells. 45) However, it is not always the case. The expression of hyposialylated integrin a5b1 was reported to be induced by phorbol ester-stimulated differentiation in myeloid cells, in which the expression of the ST6GalI was down-regulated by the treatment, resulted in an increase FN binding. 31) The similar phenomenon has also been observed in hematopotic or other epithelia cells. In those cases, the increased sialylation of the b1 integrin subunit was correlated with a decreased adhesiveness and metastatic potential. [46] [47] [48] On the other hand, the enzymatic removal of a2,8-linked oligosialic acids from the a5 integrin subunit inhibited cell adhesion to FN. 49) Recently, Liu et al. used a molecular modeling approach to study the effects of altered glycosylation on the I-like domain of the b1 subunit, which is the partner of the b-propeller of the a subunit, and found a2,6 sialic acid affected the interactions between N-glycans and the I-like domain, which in turn changed the accessibility of the specificity-determining loop for ligand binding. 50) Taken together, these results strongly suggest that sialylation on the non-reducing terminus of Nglycans of a5b1 integrin plays an important role in cell adhesion.
IMPORTANT N-GLYCOSYLATION SITES ON INTE-GRIN a5 SUBUNIT
Although alteration of the oligosaccharide portion on integrin a5b1 could affect cis-and trans-interactions caused by GnT-III, ST6GalI and GnT-V, as described above, the molecular mechanism remains unclear. Considering integrin a5b1 contains 26 potential N-linked glycosylation sites (14 in the a subunit and 12 in the b subunit), the determination of those crucial N-glycosylation sites for its biological function is, therefore, quite important for an understanding of the underlying mechanism. It has been reported that the structures of N-glycan on integrin a5b1 may be present in a site specific-dependent manner. 51) We sequentially mutated either one or a combination of asparagine residues in the putative N-glycosylation sites to glutamine residues, and found that N-glycosylation on the b-propeller domain of the a5 subunit (in particular sites number 3-5) (Fig. 3A) is essential for its hetero-dimer formation and its biological functions such as cell spreading and actin cytoskeletal formation (Fig. 3B) , as well as for the proper folding of the a5 subunit. 52) Seales et al. reported that the I-like domain on the b1 subunit, 53) which could be the partner of the b-propeller of the a5 subunit, supporting the importance of N-glycans on the b-propeller.
The crystal structure of integrin aVb3 has been successfully revealed, and the main contact between the aV and b3 subunit is the b-propeller on the aV and A domain on b3 with hydrophobic, ionic, and mixed contacts. 54, 55) Since the a5 subunit has a 47% homology to aV, Mould et al. performed a homology modeling structure of a5b1.
56) Based on the model, the a5 subunit seems to be surrounded by N-glycans. We therefore speculate that the structural environment of the ab interfaces could be affected by the presence of N-glycans. In fact, it has been reported that the dissociation of the ab heterodimer occurs when a5b1 is deglycosylated by treatment with peptide : N-glycosidase F (PNGaseF) and that Nglycan was required for its normal expression on the cell surface, as confirmed by using of tunicamycin. 18) Another possible mechanism for the involvement of N-glycan in the ab interaction is that an unknown lectin domain may exist on the b subunit, since the lectin domain of aMb2 integrin is associated with GlcNAc on the non-reducing terminal of sugar chains on chilled platelets for its phagocytosis. 57, 58) Very recently, we also found three N-glycosylation sites on integrin b1 subunt, which are important for a5 and b1 dimer formation (unpublished data).
To date, no atomic resolution structure is available for integrin a5b1. Detailed structural studies of integrins have been consistently hampered due to the small amounts of purified protein available, the large size and the conformational flexibility of integrins, and the presence of transmembrane domains and N-linked glycosylation sites in both receptor subunits. Therefore, we believe that these N-glycosylation mutants of a5 and b1 subunits, might be useful for a crystal structural study in the future.
FUTURE PERSPECTIVES
It is well known that integrin-mediated cell adhesion functions cooperatively with growth factor receptors in the con- trol of cell proliferation, cell differentiation, cell survival, and cell migration in epithelial cells and fibroblasts.
59) The association of integrins with growth factor receptors has been demonstrated in co-clustering and co-precipitation studies. 60, 61) Integrins and growth factor receptors share many common elements in their signaling pathways. In fact, integrins enable growth factor signaling in many cases, since normal growth factor signaling does not occur unless cells are adhered to the ECM or to other cells through integrins. On the other hand, The formation of complexes of integrins and tetraspanin is affected by the N-glycosylation of both integrin and tetraspanins, as well as by gangliosides in the microdomain. 62) CD82 with complete N-glycosylation reduces its association with a3 or a5 integrin, whereas CD82 with incomplete N-glycosylation enhances their association. 63) Conversely, the association of CD9 with the a3 or a5 integrin subunits is not influenced by N-glycosylation, since CD9 contains no N-glycosylation sites. Based on these observations, we postulate that the N-glycosylations on integrin may participate in the supramolecular complex formation on the cell surface, which controls intracellular signal transduction. To characterize the biological functions of N-glycosylation on integrin will be on the highlight of this stage of science.
